PERSPECTIVES

E
stimations by Morris et al. (2005) and Milesi et al. (2005) suggest that lawns and turfgrass areas in the United States cover between 164,000 and 202,000 km 2 . If these numbers hold true, turfgrass represents the single largest irrigated crop, an area three times larger than that of corn (Leinauer and Devitt, 2013) . Turf and landscape areas, especially in urban areas, are important because they provide benefits such as mitigation of heat island effects, erosion control, phytoremediation, shade, cool and safe surfaces for exercise and athletic activities, and space for outdoor gatherings (Beard and Green, 1994; Leinauer et al., 2010a) . Furthermore, the turf industry contributes billions of dollars annually to the U.S. economy (Haydu et al., 2008) .
To achieve the desired aesthetic appearance and optimal performance, turfgrass areas require nitrogen inputs. Application of N fertilizers at rates that exceed plants' requirements can result in the loss of nitrogen in the form of nitrates or nitrous oxide. Nitrate is arguably the most widespread contaminant in groundwater (Nolan et al., 2002) and turf areas have been identified as a potential source of nitrate contamination in ground and surface waters. Moreover, with the exception of turfgrass grown in wet, humid regions, most turf areas require at least supplemental water during the peak summer months. In arid and semiarid regions, average annual precipitation amounts to only 100 to 500 mm, which falls significantly short of an estimated evaporative
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ABSTRACT
Irrigating turfgrass with treated effluent water has become a common practice in response to shrinking supplies of potable water. Newly developed decentralized water treatment systems produce recycled water containing varying quantities of N on short notice. Using such tailored water to irrigate turf areas would reduce or eliminate the need for additional mineral fertilizers if concentrations of nitrate in the water were raised during the growing season to meet the annual N requirement. On the basis of our estimates, in order for turfgrasses to receive their entire annual N requirements (20 to 25 g N m -2 yr -1
) solely from effluent irrigation, nitrogen concentrations in irrigation water would need to range from as low as 11 mg L -1 for arid regions with a 12-mo growing season to more than 50 mg L -1 in areas with only a 6-mo growing season. Furthermore, tailored water should be applied with advanced irrigation systems with high distribution uniformity to minimize nitrate leaching. Subsurface irrigation systems distribute water more efficiently and uniformly and minimize human exposure to treated effluent, which would help dispel negative public perceptions regarding the use of effluent to irrigate public turf areas. As the use of treated effluent for turfgrass irrigation continues to increase, the idea of adjustable nutrient content in irrigation water combined with a subsurface irrigation delivery system could become an important means to sustainably maintain much-needed urban green spaces.
replacement requirement of 800 to 1200 mm for traditional turfgrasses such as cool-season tall fescue (Festuca arundinacea L.) and Kentucky bluegrass (Poa pratensis L.) or warm-season bermudagrass (Cynodon dactylon L.) (Leinauer et al., 2010a) . Therefore, 50 to 70% or more of urban domestic summer water use goes to landscape irrigation Kjelgren et al., 2000) . Consequently, water restrictions are often imposed on the amount of potable water used to irrigate lawns and recreational turfgrass areas (Albuquerque Bernalillo County Water Utility Authority, 2007).
TURFGRASS WATER CONSERVATION
Growing populations and declining water resources have forced many communities to critically evaluate how water is being used in the urban sector, particularly because a large portion is used for landscape irrigation, which is considered nonessential. Because turfgrass often dominates residential landscapes, water usage on turfgrass has received increased scrutiny from water managers (Devitt et al., 2008b) , despite the environmental and economic benefits of these areas. Therefore, developing and implementing proper water conservation and irrigation management strategies as well as finding alternative sources of irrigation water for turfgrass has become a critical issue for both municipalities and the turfgrass industry.
Irrigation with Nonpotable Water
Reclamation of municipal wastewater shows promise as a means to meet the continued demand and growing pressure on irrigation water resources (Wintgens et al., 2005) . Unlike potable water reserves, quantities of reclaimed wastewater continue to increase due to population growth and provide a readily available source of irrigation for arid and semiarid areas (Haruvy and Sadan, 1994; Qian and Mecham, 2005) . Consequently, irrigation of both turfgrass and agricultural crops with treated effluent water (also called reclaimed, reused, recycled, or wastewater) has become a common practice in response to the increasing awareness of potential potable water shortages. Additionally, treated water is less expensive than other alternative sources of irrigation water (e.g., desalinated water), since the reuse of treated water can also serve as a means of disposal of urban sewage water (Crook, 1997; Haruvy and Sadan, 1994) . Another advantage of using treated effluent to irrigate turf areas is that there are no associated safety restrictions such as those applicable to agricultural crops because turfgrasses are not grown for human consumption (Parsons and Wheaton, 1996) . For comprehensive reviews of the use of treated effluent water in agriculture, including definitions, terminology, and typology of treated water, see Jimenez and Asano (2008) or Raschid-Sally (2010) .
Effluent water has been safely used for turfgrass irrigation for nearly 100 yr. In California, water reuse regulations were developed as early as 1918 (Crook, 1997) and Los Angeles County districts have provided treated effluent for landscape irrigation in parks and golf courses since 1929. In New Mexico, Los Alamos County golf course has been irrigated solely with treated effluent since 1947 and is considered the first golf course in the United States to exclusively use such an irrigation water source (Klein, 2012) . Over the last 40 yr, the number of golf courses that use treated effluent for irrigation has steadily increased. A 1978 survey reported that only 26 golf courses across the country were using recycled water for irrigation (Snow, 1979) . By 2003, this number has increased to approximately 2000 or 13% of all golf courses nationwide and 34% of those in the southwest. In 2009, 37% of all golf courses in the southwest received irrigation with treated effluent (Throssell et al., 2009) . Irrigation with treated effluent is not limited to golf courses, as public parks and even residential landscapes have started using recycled water for irrigation. Several cities have implemented urban dual water distribution systems that include potable water for indoor use and recycled water for nonpotable uses (USEPA, 2004) .
Subsurface Irrigation
A second strategy for reducing the amount of water used for turfgrass irrigation is to optimize irrigation efficiency by adopting more-effective irrigation systems. Although sprinkler systems are the most commonly used irrigation systems for turf-dominated landscapes, they can have significant losses from run-off, wind drift, and evaporation. Subsurface irrigation systems, on the other hand, apply water directly to the root zone, thereby avoiding problems such as overspray, runoff, wind drift, and human exposure (Leinauer and Devitt, 2013) . Subsurface drip systems irrigate either from a point or a line source installed at shallow depths (Burt and Styles, 1999) . Interest in subsurface drip irrigation (SDI) has evolved in the United States since the late 1970s and early 1980s (Bucks, 1995; Camp, 1998) and the benefits of SDI have been documented for agricultural and horticultural crops as well as trees (Bernstein and Francois, 1975; Gushiken, 1995; Oron et al., 1991; Sammis, 1980) . A detailed review on the use of SDI has been provided by Camp (1998) and summarized findings on the use of SDI for turf have been published by Leinauer and Devitt (2013) . Advantages of using SDI include: lower irrigation water requirements, energy savings due to a lower operating pressure of the irrigation system, lower disease pressure due to decreased leaf wetness and lower humidity in the plant stand, reduced wind drift and evaporation (Beard, 1973; Burt and Styles, 1999; Duncan et al., 2009; Leinauer et al., 2004) , the uninterrupted use of the turf area during irrigation, and deeper root systems (Leinauer et al., 2004; Phene and Ruskin, 1995; Snyder et al., 1974) . Moreover, there are no aboveground sprinkler heads that can be damaged by pedestrians, lawn mowers, or vandals (Snyder et Application rates should be adjusted over the course of the year to avoid NO 3 leaching and potential contamination of surface and groundwater.
Nitrogen Fertilization and Fertigation
Numerous nitrogen fertilization guidelines have been published (e.g., Frank and Lyman, 2010; Koski and Skinner, 2013) that are based on theoretical knowledge, science-based empirical data, experience, regional soil types, and locally used turf species (Carrow et al., 2001 ). The general recommendation is that fertilization for cool-season grasses in temperate regions should range from 15 to 25 g m -1 yr -1 and split applications should be made every 30 to 40 d depending on grass, soil type, and aesthetic expectations during the active growing season (Christians, 2007) . For warm-season grasses, the standard recommendation is approximately 5 g m -1 per growing month (Christians, 2007) . Nitrogen efficiency can be improved if soluble N sources are applied at low rates and frequently, as opposed to infrequent high rates of application. However, frequent light applications using conventional methods such as granular formulations is labor intensive (Snyder et al., 1977) . Alternatively, turfgrass areas that are irrigated throughout the growing season could be supplied with small quantities of nutrients via the irrigation water. Such an approach is called fertigation.
Fertigation involves the continuous injection of small amounts of liquid fertilizer into the irrigation stream (Christians, 2007) . This method of fertilization appears to greatly reduce the risk of potential nitrate leaching. Snyder et al. (1977) observed less leaching of NO 3 -N at a depth of 60 cm in fertigated bermudagrass grown on sandy soil compared with plots conventionally fertilized every 3 wk with ammonium nitrate granular fertilizer for the first several weeks. When irrigation water was applied excessively, about 50% more NO 3 -N was leached from the conventionally fertilized plots than from those receiving N by fertigation (Snyder et al., 1977) . In a similar study, Snyder et al. (1989) reported that 44% of NO 3 -N applied as granular ammonium nitrate every 2 wk was recovered in leachate compared with 8% when applied through fertigation. Despite the documented benefits of fertigation with respect to reducing labor and nitrate leaching, the concept has not gained widespread acceptance among turfgrass managers. Among the reasons given for why it is not more widely used are low uniformity of irrigation systems that results in "donut" shaped patterns around the sprinkler heads, lack of flexibility in modifying application rates, and the possibility of overwatering the turf during a rainy season (Bengeyfield, 1972) . For fertigation to be more effective and thereby accepted, it needs to be coupled with an irrigation system that applies water uniformly, and the fertilizer injection system must be able to adjust nutrient delivery to correspond with plant requirements, thereby minimizing leaching. al., 1974). Disadvantages of using SDI for turfgrass areas include higher installation costs; interference with maintenance practices such as aerification, pesticide applications, or establishing turf from seed or sod; and difficulties in system maintenance and troubleshooting (Schiavon et al., 2013; Serena et al., 2014) . The suitability of SDI for turf was first demonstrated forty years ago by Snyder et al. (1974) , but the technology has never gained significant market acceptance and subsurface-irrigated areas still only comprise a small fraction of the total irrigated landscape. However, this type of irrigation has recently begun to receive greater attention in the context of water conservation and has been proposed (Duncan et al., 2009; Leinauer et al., 2010a) and even mandated by some water agencies (California Department of Water Resources, 2009) as an efficient alternative means of turf irrigation.
Nitrate Leaching and Nitrogen Fertilization
Aside from supplemental irrigation, lawns require a certain N level to maintain functionality and aesthetic quality. Nitrogen fertilization is therefore an important part of standard turfgrass management practices (Walker et al., 2007) . The potential contamination of groundwater by NO 3 -N resulting from applications of N fertilizers to turfgrasses has been intensively studied. The fate of N applications on turf was reviewed by Petrovic (1990) , Walker and Branham (1992) , and Barton and Colmer (2006) , and the topic of nitrate leaching has been widely discussed in the literature (Devitt et al., 2008a; Frank and Guertal, 2013; Frank et al., 2006; Geron et al., 1993; Rieke and Ellis, 1974; Wu et al., 2010) . Numerous factors influence nitrate movement in the soil profile and published leaching losses range from 93% (Exner et al., 1991) to as little as 3% (Wu et al., 2007) . Among the factors contributing to leaching are rate of N application (Brown et al., 1982; Exner et al., 1991; Snyder et al., 1977; Wu et al., 2007) and N source (Geron et al., 1993; Guillard and Kopp, 2004) . Ensuring that all of the nitrogen released from N fertilizers is taken up by the grass and not lost is challenging because these processes are governed by environmental factors such as temperature and soil-moisture content. Therefore, quantities of nitrogen released may not always correspond exactly to the N requirements of the turf (Snyder et al., 1977) . Frank and Guertal (2013) summarized general recommendations to limit nitrate leaching: avoid overapplications of N fertilizers, consider the use of slow-release N fertilizers or split applications, and avoid overirrigation. The potential for surface and groundwater contamination from fertilizers is exacerbated by improperly timed nutrient applications. Since the nutritional requirements of turfgrasses are seasonally dependent and the capacity of plants to assimilate nitrogen changes over time, fertilization regimes should be carefully monitored to avoid excessive application rates outside the active growing season.
TREATED EFFLUENT FOR TURFGRASS IRRIGATION: BENEFITS AND ISSUES
Irrigation with effluent water has benefits that extend beyond the obvious potable water savings argument. Because raw effluent typically contains significant quantities of many essential plant nutrients, particularly nitrogen and phosphorus, its use to irrigate turfgrass could reduce the need and reliance on commercial fertilizers (Day et al., 1979) . Thus, irrigating with raw effluent may provide plants with similar quantities of essential plant nutrients to those delivered via fertigation with a dilute concentration of fertilizer (Neilsen et al., 1989) . Another benefit of using treated water for irrigation is that in some cases it may eliminate the need for expensive tertiary treatment of effluent (Angelakis et al., 1999) . Additionally, because most treated effluent is produced in urban areas and the cost of transporting water to agricultural areas may be high and energy intensive, it could be more practical to use this water for the irrigation of closely located urban turfgrass areas and landscapes (Ruskin, 1992) .
Nonetheless, irrigation with effluent water containing excessive quantities of nitrogen and other elements can pose a similar threat to groundwater or underground aquifers as the overapplication of granular fertilizers. Additionally, certain water quality parameters such as salinity, sodium hazard, potentially toxic ions, and pH can be higher in treated effluent than in potable water and as such need to be assessed to avoid detrimental effects on the turf stand. Potential salinity effects must be incorporated into management plans to ensure that adequate turf quality is maintained (Devitt et al., 2005; Harivandi, 1994; Harivandi et al., 2008; Leinauer et al., 2010b; Lockett et al., 2008; Qian and Mecham, 2005) . Furthermore, the potential contamination of surface and groundwater with trace levels of contaminants, pharmaceuticals, and personal care products resulting from irrigation with treated effluent has become a concern in the last decade and the subject of recent studies. A review of treatment options for the removal of pharmaceuticals and other personal care products from wastewater has been provided by Deegan et al. (2011) . Work by Bondarenko et al. (2012) suggests that turfgrass root zones could also potentially attenuate some of these contaminants. Soil leachate collected under hybrid bermudagrass grown on a sandy loam contained ˂1% of the carbamazepine, sulfamethoxazol, and meprobamate found in the treated effluent used to irrigate the plots. It is known that the amount of nutrients, pharmaceuticals, personal care products, and soluble salts in treated effluent water can fluctuate widely (Harivandi, 1994) and the risk of groundwater pollution increases if the capacity of the facility supplying this water is not properly designed (Peacock, 1994) .
Irrigating with Treated Effluent and Salinity Problems
Concerns related to salinity and sodicity arise if treated effluent is used for irrigation (Duncan et al., 2009; Harivandi, 1994) . While the aim of conventional sewage treatment plants is to remove solids, decrease organic matter load, disinfect pathogens, and reduce nutrient levels, many of the inorganic ions are not affected. The salinity level of most treated effluent water is below 1300 mg L -1 , with electrical conductivity (EC) of ˂2 dS m -1 (Asano et al., 2007) . Soluble salts in irrigation water can induce physiological drought due to the lower osmotic potential of the soil water and can also affect surface and ground water quality as salts move through the profile by means of leaching. Salts in effluent are generally dominated by sulfate, bicarbonate, chloride, and sodium (Qian and Mecham, 2005) . Excess sodium can cause soil degradation, reduced soil porosity, infiltration and percolation, and decreased gas exchange. Several chemical parameters, such as sodium adsorption ratio (SAR), residual sodium carbonate, pH, EC, and total dissolved solids (TDS) need to be determined to assess whether the irrigation water poses a permeability hazard to soils or not. Furthermore, elevated levels of Na, Cl, and B can cause toxicity in roots or can damage foliage through spray contact (Duncan et al., 2009) . Consequently, planting salt-tolerant grass species has been suggested as a strategy to avoid plant damage, and numerous studies have reported the relative salt tolerances of several warm-and cool-season grasses (e.g., Alshammary et al., 2004; Carrow and Duncan, 1998; Dean et al., 1996; Marcum, 1999) .
Since treated water used for turfgrass irrigation contains both nutrients and salts, interpreting water and soil test results to balance between nutrient levels necessary for adequate quality and salinity levels that cause damage is challenging. Reported intervals between initiation of irrigation with treated effluent and onset of salinity damage to turfgrass root zones range from a few months (Hayes et al., 1990a ) to a few years (Marcum and Pessarakli, 2000) . The detrimental effect on turfgrass quality of salts in treated effluent has been documented by Qian and Mecham (2005) . Increases in soil EC and SAR of 187 and 481% on sites irrigated with treated effluent compared with those irrigated with surface water resulted in stress symptoms on Kentucky bluegrass and perennial ryegrass (Lolium perenne L.) (Qian and Mecham, 2005) . Working with the salinity-tolerant bermudagrass, Choi and SuarezRay (2003) observed no drop in turf quality of bermudagrass subsurface drip irrigated with treated effluent (EC w 0.95 dS m -1 ) despite a significant increase of soil salinity in the top 5 cm of soil. Mancino and Pepper (1992) found that after more than 3 yr of irrigation with effluent water from a sprinkler system, soil EC increased only by 0.2 dS m . Total growing seasons, salinity buildup followed a cyclic pattern and reached highest levels during the growing season when irrigation demand was high and precipitation low. Only salt-tolerant warm-season grasses could be maintained successfully with saline water applied from an SDI system during times when salinity levels peaked (Devitt and Miller, 1988; Gushiken, 1995 , Sevostianova et al., 2011a , Suarez-Rey et al., 2000 . In contrast, most coolseason grasses exhibited a significant reduction in quality due to increased salinity when saline water at 3.5 dS m -1 was applied from either a sprinkler or an SDI system (Sevostianova et al., 2011a) .
To prevent salinity buildup in turfgrass root zones, controlled and frequent leaching of salts needs to be implemented at intervals that depend on the salinity of the irrigation water, soil type, and salinity tolerance of the turfgrass. Whether such an approach is also applicable on areas that are irrigated from the subsurface at shallow depths is questionable. Devitt and Miller (1988) reported a slow lateral water movement in course-textured soils, which resulted in a limited wetting zone and in salt accumulation midway between the subsurface drip laterals. Generally, water distribution from subsurface drip emitters follows a three-dimensional infiltration pattern, which differs from the vertical, or one-dimensional, infiltration pattern observed from sprinkler irrigation. In the case of closely spaced emitters, infiltration processes follow a two-dimensional distribution pattern and dissolved salts tend to accumulate at the perimeter of the wetted zone, at which the soil water content is lower (Bresler, 1977) . For highly permeable sandy soils irrigated with SDI, the wetted depth is larger than the wetted radius, which results in more water below than above the emitter plane (Cote et al., 2003) . Upward movement of salts and increased salinity levels in sandy loam irrigated with SDI compared with sprinkler irrigated has been documented by Sevostianova et al. (2011a, b) in 0-to 10-cm depths and in the top 5 cm and at the 15-to 20-cm depths of coarseloamy soil by Choi and Suarez-Rey (2003) .
Aside from the above-mentioned advantages of using SDI, benefits of combining SDI with effluent water also include no odor, ponding, or runoff problems (Gushiken, 1995) and no damage on the foliage of shrubs and trees from salt spray (Wu et al., 2000) .
Fertigation with Treated Effluent through Subsurface Irrigation
Few studies have investigated the possibility of applying treated effluent by means of SDI to turf to meet N requirements. Hassan et al. (2005) reported that SDI in conjunction with controlled dosing of the effluent provided uniform dispersal across the entire treatment area covered with 'Kentucky-31' tall fescue. The slow application rates also allowed for more efficient plant water organic carbon and total nitrogen increased only during the first year of irrigation but not thereafter; however, no information on turf quality was reported. Evanylo et al. (2010) also found that quality, wear recovery, and rooting of hybrid bermudagrass and creeping bentgrass (Agrostis solonifera L.) were not affected by salt buildup resulting from irrigation with reclaimed water. Likewise, Thomas et al. (2006) found that soil EC under bermudagrass and zoysiagrass (Zoysia japonica Steud.) irrigated with Type I recycled water (EC w of 1.1 dS m -1 ) increased significantly, but turf quality was not negatively affected.
Uniform water application for the controlled leaching of salts from the root zone is an important salinity mitigation practice (Duncan et al., 2009) , and irrigation scheduling and distribution patterns significantly influence root zone salt distribution (Hanson et al., 2008) . However, turfgrass areas in residential and commercial landscapes are typically irrigated with inefficient sprinkler systems that frequently exhibit poor distribution uniformities . The results of a survey of over 6800 irrigation audits conducted throughout the United States indicated an average irrigation system distribution uniformity of 50% (Mecham, 2004) . Therefore, improving and optimizing the uniformity of an irrigation system to provide adequate leaching is considered essential for the long-term success of turfgrass irrigated with treated water (Devitt et al., 2007; Duncan et al., 2009; Hayes et al., 1990b; Porter et al., 2011 ). An alternative to sprinkler irrigation is the direct application of irrigation to the root zone through subsurface systems. The feasibility of using effluent water for turfgrass irrigation from sprinkler systems has been studied extensively; however, few published studies are available that report on the effect of applying recycled water from the subsurface. Most notably, applying irrigation water from the subsurface would help in overcoming a negative public perception about concerns to human exposure when treated effluent is used for irrigating public areas. Several authors reported a greater risk of diseases and illnesses of farm workers caused by bacteria and viruses when treated effluent was applied in furrows or from sprinklers compared with SDI (Blumenthal et al., 2000; Enriquez et al., 2003; Forslund et al., 2012; Snyder et al., 1974) .
Subsurface systems have been shown to distribute water more efficiently and uniformly but may have some limitations in leaching salts from the root zone. Particularly the fraction of the root zone above the emitters (where most of the roots are accumulated) that receives water only through capillary rise may not be sufficiently flushed with water to leach out the salts. Nonetheless, several studies have demonstrated that both cool-and warm-season grasses can be established successfully when saline water is applied from a SDI system ( Johnson, 2007; Schiavon et al., 2012 Schiavon et al., , 2013 Serena et al., 2014) . However, when saline irrigation water was applied over several uptake (Hassan et al., 2005) and the potential to maximize nutrient attenuation by placing the effluent in the most biologically active root zone (Hassan et al., 2008) .
Nitrate Leaching from Irrigation with Effluent Water
Studies that investigate N fate in turf typically report exact application rates of fertilizers used. This is not the case in situations where treated effluent is applied instead of fertilizer. Concentrations of the various constituents in effluent can vary greatly between different treatment plants, and irrigation amounts can vary depending on climate conditions and water availability (Asano et al., 2007; Brandes, 1978) . Although levels of constituents in most sources of secondary and tertiary treated water do not exceed thresholds set by USEPA for agricultural water suitability (USEPA, 2012), the range of constituents in the irrigation water can still be high ( Asano et al., 2007; Brandes, 1978; Harivandi, 1994) . The quality of treated water varies by region, level of treatment, and quality of the source water (Devitt et al., 2005) . Even when N concentrations in irrigation water are very low, the total N load during an entire year, which consists of N in irrigation water plus fertilizer applications, can be significant, and it is unclear whether adding a leaching fraction to mitigate salinity buildup in the root zone exacerbates nitrate leaching or not. Devitt et al. (2013) . However, when additional irrigation water was added for salinity management, the average N leaching losses in this study were very small and ranged from 8 to 14 kg ha -1 yr -1
, which represented only 2 to 3% of the total N applied. Gerber (2000) reported values of ˂2.5 mg L -1 of NO 3 -N in leachate collected from three actively growing grasses irrigated with treated effluent. In another study in which bermudagrass and zoysiagrass grown on silty clay were irrigated with Type I recycled water, NO 3 -N values were higher; however, most of the leachate samples that exceeded 10 mg L -1 were collected during periods of inactive turfgrass growth (Thomas et al., 2006) . The results of all of these studies suggest that established and actively growing turfgrass functions as a bio-filter, reducing deep leaching of N from soil turfgrass systems and thereby minimizing the mass discharge of N to ground water. Contrary to these findings, Devitt et al. (2008a) in an earlier study measured high NO 3 -N concentrations in soils of golf courses irrigated with recycled water and speculated that such concentrations were the result of low leaching fractions, which resulted in high NO 3 -N concentration in the root zone.
Other studies that examined the effect of treated effluent on N fate in turfgrass systems observed no nitrate leaching, only N-accumulation. Hayes et al. (1990a) found that turfgrass areas irrigated with secondary sewage effluent water contained 7.8 mg kg −l more NO 3 -N in the soil than plots irrigated with potable water. The authors did not report the concentration of NO 3 in the leachate. Evanylo et al. (2010) suggested that the high assimilative capacity of bermudagrass and creeping bentgrass prevented leaching of NO 3 -N even when very high irrigation rates of treated effluent were applied. However, rates of NO 3 -N in the leachate were also not reported for this study.
The conclusion drawn from the aforementioned studies is that when calculating an appropriate leaching fraction, care must be taken to balance irrigation water usage, salinity accumulation, and nitrate concentrations in both the irrigation water and drainage. Because the concentration of chemicals in treated effluent varies significantly depending on the source, a case by case evaluation should be conducted when considering its use for irrigation (Phene and Ruskin, 1995) . The differences in irrigation water quality, climate and soil conditions, leaching fraction used, irrigation rates, and season certainly complicate an overall assessment of the suitability of treated effluent for turfgrass irrigation.
While nitrate leaching may not be a year-round problem because turfgrasses are able to take up and metabolize all nitrogen applied during the active growing season, applying treated effluent throughout the year can cause a seasonal leaching problem (Thomas et al., 2006) , Particularly during winter and spring when plants are not actively growing and nitrogen uptake is slow, nitrate can leach from the root zone into the drainage. Understanding the growth patterns of warm-and cool-season grasses can help determine the appropriate timing of N applications. Few published studies have examined the effects of year-round irrigation of turf with treated effluent (e.g., Devitt et al., 2008a Devitt et al., , 2013 . A number of researchers have reported results from general fertilization trials and concluded that the highest concentrations of NO 3 -N in leachate occur during the winter months when turf is either dormant or growing slowly (Geron et al., 1993; Thomas et al., 2006) . Similar findings were reported by King and Balogh (1999) , Adeli et al. (2003) , and Guillard and Kopp (2004) , who showed a rapid increase in NO 3 -N loss under turf during the winter and spring months. In another study, nitrate concentrations leached from tall fescue plots were significantly higher from September to March than from March to August (Wu et al., 2010) . As expected, N-uptake has been found to be high during or at the end of the growing season when N in leachate was low (Adeli et al., 2003; Balogh et al., 1992) . Similarly, Miltner et al. (2001) found that both fertilized and unfertilized turf had higher N concentrations in the clippings in October and November than in other months, while inorganic soil nitrogen was higher in the fall and spring and lower in the summer months.
Effluent from animal production sites typically contains higher concentrations of nitrate than effluent derived from sewage-treatment plants. Studies investigating the use of this effluent for irrigation found that levels of nitrate recovered in leachate varied considerably depending on the type of effluent (e.g., dairy effluent, swine effluent, primary, secondary, or tertiary treated effluent), and on whether or not plants were actively growing. Woodard et al. (2003) investigated the effect of applying dairy effluent containing NO 3 -N rates ranging from 500 to 910 kg ha -1 yr -1 to a mixed-forage stand of corn (Zea mays L.)-bermudagrass-rye (Secale cereale L.). The authors observed that nitrate concentrations in the leachate did not exceed 20 mg L -1 during the growing season for plots receiving the 500 kg N ha -1 yr -1 application rate for three of the four cropping cycles. However, very high N application rates resulted in reduced bermudagrass yields and leachate concentration of . Nitrate levels in the leachate were not reported. To ensure that treated effluent meets the seasonal nutrient requirements of turfgrasses while not causing excessive leaching of nitrates during nongrowing months, nitrogen content in the irrigation water should be seasonally adjusted. Thus all or most of the nitrates would be removed from the treated effluent during late fall, winter, and early spring and more nitrate would be provided during late spring, summer, and fall when turfgrasses are actively growing. In arid and semiarid environments, the active growing season usually coincides with a high irrigation requirement and a flexible adjustment process of nutrients (higher nitrate concentration in spring, summer, and fall than in winter) in the irrigation water would ensure that both irrigation and fertilization needs are met. At the present time, U.S. wastewater treatment plants discharge about 121 × 10 6 m 3 d -1 of effluent water (NRC, 2012), which must be discarded. There are currently no mechanisms in use in centralized wastewater treatment plants that seasonally adjust nitrate levels in treated effluent, and present-day treatment plants produce effluent water after secondary treatment containing NO 3 -N levels in the range from 0 to trace amounts (Asano et al., 2007) year round.
The application of nutrients by means of frequent, low doses via SDI throughout the growing season reduces potential nutrient runoff and N leaching below the root zone in production agriculture (Camp, 1998) . However, few studies have tested this theory on turf areas. In spite of the potential advantages of fertigation with nitrogen over conventional fertilization practices, poor sprinkler uniformity not only affects the visual appearance of fertigated turfgrass areas but would also result in unnecessary leaching from sections that are overirrigated to compensate for a poor distribution. The application of low amounts of N from treated water using SDI that distributes water uniformly could very likely reduce or eliminate such a problem. Phene and Ruskin (1995) compared NO 3 -N leached from landscape and field crops irrigated with treated effluent via either SDI or surface drip irrigation. The authors proposed two advantages of SDI over surface drip irrigation in terms of minimizing NO 3 -N leaching. First, the larger wetted soil volume and greater wetted surface area created by SDI compared with surface drip irrigation resulted in deeper rooting patterns on SDI-irrigated plants. Second, if irrigation follows evapotranspiration (ET) replacement, lower water requirements during the winter months result in an overall reduced NO 3 -application based on irrigation volume alone. Obviously, such a benefit applies to any irrigation systems, whether it delivers water from the surface or the subsurface. Nonetheless, since there is little empirical data to support such a statement, other researchers have recommended that excess treated effluent be stored in reservoirs (Moore, 1997; Terrey, 1997) during the winter months to avoid the problem of seasonal leaching.
DECENTRALIZED TREATMENT SYSTEMS PRODUCE TAILORED WATER FOR TURFGRASS IRRIGATION
Centralized wastewater infrastructures that are common in urban areas face several impediments and challenges. They require innovative processes, which are high in energy consumption and expensive to maintain, to collect, treat, and discharge large quantities of wastewater (West, 2001 ). The high energy costs of water conveyance are especially pronounced in areas where a large and growing portion of the population resides. For example, to meet Southern California's water treatment demands, water is pumped through 4800 km of pipelines, tunnels, and canals (Stokes and Horvath, 2009 ). Additionally, centralized wastewater infrastructures are decaying and frequently underfunded with respect to replacement costs (Asano et al., 2007) . Moreover, centralized sewage strategies that produce large amounts of treated water are increasingly faced with social and environmental challenges such as aquifer depletion due to lack of recharge, urban sprawl, and nutrient loading. Consequently, the dilemma of urban population growth and water scarcity coupled with aging urban water infrastructures with inadequate water reuse strategies makes the current approach of centralized wastewater treatment questionable for the future (Gikas and Tchobanoglous, 2009; Rygaard et al., 2011) .
Contrary to a centralized approach, decentralized or cluster wastewater treatment systems are designed to operate on a smaller, community scale (USEPA, 2004) . In 2006, more than 60 million people in the United States lived in areas with decentralized systems used for wastewater management (Asano et al., 2007) . When decentralized wastewater management is used, the collection, treatment, and reuse of wastewater occur at or near the point of generation (Crites and Tchobanoglous, 1998) . Thus, the strategy of a decentralized wastewater management has the potential to use on-site produced treated water for energy production and can provide water and nutrients for urban agriculture and horticulture. Decentralized systems eliminate the need for large transfers of effluent water and can be operated at a much lower cost, as the recycled water is only transported across short distances. A detailed comparison of centralized vs. decentralized wastewater treatment systems and associated recommendations for management strategies was published by Massoud et al. (2009) .
Tailored Irrigation Water
Bioreactors to Adjust Nutrient Levels in Irrigation Water
Among the various decentralized wastewater treatment processes, the membrane bioreactor (MBR) technology offers the advantage of its relatively small size, which can operate with varying volumes of influent (Suneethi, 2009 ). An MBR plant can both handle high strength nitrate influent that is too enriched for classical biological systems and produce effluent quality that is higher than that from any other alternative biological wastewater treatment (Chon et al., 2011; Shen et al., 2009) . Membrane bioreactors are designed to operate under varying hydraulic and organic loads, which enables them to handle different daily or seasonal capacities by activating or deactivating additional internal bioreactors. Such flexibility in operation is necessary when a sudden increase of incoming wastewater needs to be treated. Another process proposed for water treatment involves coupling an MBR with a sequencing batch reactor (SBR) (SBR-MBR). Such a hybrid membrane system uses simultaneous nitrification-denitrification processes and has been shown to operate under flexible, changing conditions, and is capable of producing effluent water of varying qualities locally within several days (Asano et al., 2007 , Vuono et al., 2013 . Such a system could provide different water qualities to different sites and could be tailored to suit different soil types, plants, and even plants' seasonal nutrient requirements. Because of the complexity of the processes involved and the multitude of options for optimizing the system to suit the diverse local conditions, it is not a simple matter to discuss the overall cost competitiveness of water treatment alternatives (Joss et al., 2011) . Furthermore, it would be beyond the scope of this report to discuss the economic advantages or disadvantages of different water treatment facilities. Regardless of the type of treatment plant used, a negative public perception persists when it comes to irrigating landscapes and residential lawns with treated effluent, particularly when applied from above ground. The concept of locally-produced, tailored water used in conjunction with SDI could be the solution by providing safe and efficient irrigation from the subsurface with the added benefits of lower energy and fertilizer costs.
Turfgrass Irrigation with Tailored Water
Irrigation requirements vary with environmental conditions, grass species, aesthetic expectations, and soil type. Even in temperate or humid regions with high rainfall, irrigation is needed to supplement natural rainfall to maintain high-quality turf (Christians, 2007) . In arid regions irrigation is the primary source of water for the growing of turfgrass. Across the United States, annual irrigation requirements may range from a maximum of 1143 mm in arid zones with a 12-mo growing season to a mere 152 mm in the northern cool-temperate regions with a 6-mo growing season (Beard, 2002) . Consequently, to ensure that nitrogen concentrations in the irrigation water correspond to turf requirements, the N level in treated effluent needs to be adjusted both seasonally and regionally depending on climatic conditions and length of growing season. For arid and semiarid regions, N requirements can be met by applying treated effluent evenly in low concentrations across the entire growing season. However, to meet the N needs of grasses in humid areas, the concentration of nitrate in the treated effluent needs to be greater because the of a shorter irrigation season if turf is to receive the entire annual N requirement from effluent irrigation alone. Table 1 lists estimated concentrations of nitrogen needed in recycled water to meet nitrogen requirements of turfgrasses in different climate zones. In arid and semiarid areas, the estimated NO 3 -N level in irrigation water would need to be between 10 and 25 mg L -1 , whereas in the more humid areas it might need to exceed 50 mg L -1 to meet total annual nitrogen requirements. Applying irrigation water containing 10 to 25 mg L -1 of N continuously during a year-long growing season is less likely to result in NO 3 -N leaching from the root zone than concentrations of 50 mg L -1 or higher applied over a shorter time period during which rain could exacerbate leaching even further. Applying the total annual N over just a few summer months may exceed the assimilative capacity of the turfgrass system and could result in significant leaching because of a high combined irrigation and precipitation amount. Using both ET and precipitation data for the New York location ( Table 1 ) and assuming that 100% of the rainfall is effective toward the irrigation requirements of a turfgrass system, the N concentration in the irrigation water would need to be 168 mg L -1 to meet the total annual N requirements of the turfgrass. No studies have examined the impacts of such high concentrations of nitrogen applied via effluent water over a relatively short irrigation period on turf quality and nitrate leaching. However, real world empirical evidence suggests that even when overall amount of precipitation covers the estimated ET demand of the turf stand, irrigation may still be required in months receiving significant precipitation due to uneven distributions of monthly rainfall. Therefore, assuming that only 50% of the rainfall is effective (Fry, 2002) or usable may be more realistic in such calculations. This would effectively quadruple the annual irrigation amount from approximately 90 mm to more than 400 mm but in return would reduce the amount of N that would be needed in the irrigation water from 168 mg L -1 to a much lower 37 mg L -1 (Table 1) . Nonetheless, even N concentrations of 37 mg L -1 combined with occasional high rainfall could still result in nitrate leaching. Under these climatic conditions, an approach of applying granular or foliar fertilization during spring and fall at times of high rainfall and applying tailored water through the summer when ET demand exceeds natural precipitation maybe the more logical and environmentally friendly option.
On the basis of current knowledge, the practice of irrigating turfgrasses using treated effluent with adjusted levels of N may be more applicable to regions that require greater amounts of irrigation. In these regions, nitrogen concentrations in the treated effluent can be kept at a range that minimizes the risk of nitrate leaching, and effective rainfall will not impact the amount of N in the irrigation water (Table 1) . However, for a more accurate estimation of N concentrations needed in irrigation water to meet N needs of the plant, TDS, soil type, turfgrass species, length of growing season, and effective rainfall must be considered in more detail. For this, more regional research to investigate these factors is needed. Particularly the salinity and sodicity levels of the irrigation water require close attention, not only to maintain high turf quality but also because adding high leaching fractions to the irrigation amount may not be feasible due to the resulting risk of nitrate leaching. Salt-tolerant warm-season grasses, such as bermudagrass, zoysiagrass, or seashore paspalum (Paspalum vaginatum Sw.) grown in arid or semiarid regions are better adapted to cyclic changes in soil salinity that would occur if no high leaching fractions were added. Whether similar assumptions can be made about native grasses such as buffalograss [Buchloe dactyloides (Natt.) Englem] or blue grama [Bouteloua gracilis (BBK.) Lag. ex Steud] is unknown. These grasses have recently gained attention from planners and turf managers as options for low-maintenance areas. Furthermore, results from early fertigation studies suggest that the application of tailored water would require a state-of-the-art irrigation system with high distribution uniformity to minimize or avoid nitrate leaching and salinity accumulation.
CONCLUSIONS
Treated effluent water has become an important source of water for turf irrigation that helps conserve potable water for human consumption. Current centralized treatment plants consume significant amounts of energy and produce large amounts of treated effluent water containing low levels of N. If this water were used for irrigating turfgrass areas, additional N-fertilizers would have to be applied to meet the nutrient requirements of the grasses. Membrane-and SBR-MBR decentralized wastewater management technologies are now available and ) in irrigation water to meet seasonal nitrogen requirements of cool-(CS) and warmseason (WS) grasses at four locations in the continental United States. Irrigation requirement is calculated as 80% reference evapotranspiration (ET o) for warm-season and 100% ET o for CS grasses during their respective growing season minus annual precipitation and assumes either 100% or 50% effective rainfall. Nitrogen requirement is based on 25 g N m 2 yr -1 for coolseason and 20 g N m 2 yr -1 for warm-season grasses. have been proposed as alternatives to large centralized water treatment systems. They offer the ability to produce recycled water with varying quantities of N on relatively short notice. Using tailored water to irrigate would reduce or eliminate the need for additional mineral fertilizers to maintain turf at an adequate quality level if concentrations of N in the water were raised during the growing season to meet annual N requirements. However, irrigation must be applied with state-of-the-art irrigation systems that display high distribution uniformity (such as SDI) to avoid overirrigation. On the basis of annual nitrogen requirements of 20 to 25 g m -2 combined with leaching results from past fertilization and fertigation studies, we propose that N can be supplied in irrigation water in low enough quantities such that N needs are met but no significant leaching will occur (Table 1) . Estimations for nitrogen requirements in irrigation water range from as low as 11 mg L -1 for cool-season grasses grown in Nevada during a 12-mo growing season to 28 mg L -1 for warm-season grasses grown in Long Beach, CA during a 10-mo growing season. However, in areas with high rainfall reaching or exceeding the overall irrigation requirement for several months of the growing season, the use of tailored water to supply nitrogen needs to be studied more thoroughly. Adjusting nitrogen levels in irrigation water may also be important during hot summer months, when leaching fractions are typically increased to flush accumulated salts in the root zone, but nitrogen requirements of the plants are low due to a slowing in growth caused by heat stress.
On the basis of our model estimates and available research data, we generally consider the use of tailored water to be an effective and safe means to provide both irrigation and nitrogen to turfgrass areas. However, most, if not all, of the available data are based on studies for which irrigation water was applied to turfgrass areas from sprinkler systems. More research is needed to investigate the effects of tailored water on turfgrass quality and nitrate leaching if irrigation is applied from the subsurface. Additionally, more research must be conducted to determine if tailored water could also be used to irrigate and fertilize native and low-maintenance grasses, as no data are available on their assimilative capacity or on nitrate leaching from these plants.
Regardless of any remaining research questions, new existing treatment technologies that can adjust the nutrient content in effluent water could provide the means to sustain turfgrass areas with nonpotable, recycled water and eliminate the need for mineral fertilizers. Applying the tailored effluent using SDI would ensure irrigation distribution uniformity and might help allay any public fears about human contact with recycled water. Such an approach would be a way to safely dispose of treated effluent with reduced risk of groundwater pollution and could assist in providing the means to irrigate and fertilize much-needed green space in urban areas with a reduced carbon footprint.
